It is well known that the terpenoid ferutinin (4-oxy-6-(4-oxybenzoyloxy) dauc-8,9-en), isolated from the plant Ferula tenuisecta, considerably increases the permeability of artificial and cellular membranes to Ca 2+ -ions and produces apoptotic cell death in different cell lines in a mitochondria-dependent manner. The present study was designed for further evaluation of the mechanism(s) of mitochondrial effects of ferutinin using isolated rat liver mitochondria. Our findings provide evidence for ferutinin at concentrations of 5-27 µM to decrease state 3 respiration and the acceptor control ratio in the case of glutamate/ malate as substrates. Ferutinin alone (10-60 µM) also dose-dependently dissipated membrane potential. In the presence of Ca 2+ -ions, ferutinin (10-60 µM) induced considerable depolarization of the inner mitochondrial membrane, which was partially inhibited by EGTA, and permeability transition pore formation, which was diminished partly by cyclosporin A, and did not influence markedly the effect of Ca 2+ on mitochondrial respiration. Ruthenium Red, a specific inhibitor of mitochondrial calcium uniporter, completely inhibited Ca 2+ -induced mitochondria swelling and membrane depolarization, but did not affect markedly the stimulation of these Ca 2+ -dependent processes by ferutinin. We concluded that the mitochondrial effects of ferutinin might be primarily induced by stimulation of mitochondrial membrane Ca 2+ -permeability, but other mechanisms, such as driving of univalent cations, might be involved.
Introduction
There is a strong interest to plant compounds as potential pharmacological agents due to their effectivity, safety and a wide spectrum of biological activities, including anticancer effect (Amin et al. 2009; Fulda 2010; Mondal et al. 2012; Ouyang et al. 2014) . Terpenoids are quite promising as chemotherapeutic agents among potential anticancer drugs (Modzelewska et al. 2005; Dall' Acqua et al. 2011; Safi et al. 2016; Suta et al. 2017) . One of such compounds is ferutinin, a sesquiterpene isolated from plants of Ferula genus (Umbelliferae family). Ferutinin (4-oxy-6-(4-oxybenzoyloxy) dauc-8,9-en), ester of sesquiterpenic alcohol with aromatic p-hydroxybenzoic acid (Saidkhodzjaev and 
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Nikonov 1973), possesses high estrogenic activity and acts as an agonist to estrogen receptor ERα and agonist/antagonist to estrogen ERβ-receptor (Safi et al. 2016; Ignatkov et al. 1990; Zamaraeva et al. 1999; Ikeda et al. 2002; Ferretti et al. 2014) . Numerous studies reported marked toxicity of ferutinin to cancer cells compared to non-tumoural cells. In experiments in vivo, the antitumor activity of ferutinin was similar to the activity of cisplatin Arghiani et al. 2014) . Ferutinin manifested antiproliferative activity, inducing apoptosis in several cell types: MCF-7 estrogen-dependent cancer cells, leukemia T-cell line (Jurkat), human and mouse colon carcinoma cells (Caco-2, CT26, HT29), as well as bladder (TCC) cancer cells Lhuillier et al. 2005; Macho et al. 2004 ). This terpenoid also showed a marked inhibitory effect against colon cancer cells (COLO 320HSR), blocking cell transition from G0/G1 into S phase of the cell cycle. The antiproliferative activity of ferutinin was assumed to be associated with interaction with estrogen type II binding sites (Poli et al. 2005) . Moreover, ferutinin exhibited antibacterial and antiinflammatory activities (Geroushi et al. 2011) , potentiated bone mineralization (Zavatti et al. 2015) , and was proposed to be used as an antiosteoporosis phytoestrogen (Ferretti et al. 2012) .
On the other hand, ferutinin acts as an electrogenic Ca 2+ -ionophore that has been shown to use planar lipid bilayers membranes and liposomes (Zamaraeva et al. 1997; Abramov et al. 2001; Dubis et al. 2015) . Similarly, earlier works showed that ferutinin at concentrations of 1-50 µM considerably increased Ca 2+ -permeability of thymocytes, platelets, Jurkat T-cell, erythrocytes, mitochondria, and sarcoplasmic reticulum (Zamaraeva et al. 1997 (Zamaraeva et al. , 1999 (Zamaraeva et al. , 2010 Macho et al. 2004; Gao et al. 2013) . Ferutinin interacts strongly with Ca 2+ -ions via the hydroxyl group of ferutinol and the carboxyl oxygen of the complex ether bond (Dubis et al. 2015) . It was demonstrated previously using FT-IR and NMR data together with theoretical calculations that in the absence of Ca 2+ ions ferutinin molecules formed H-bonded dimers while complexation of Ca 2+ by ferutinin ruptured this hydrogen bond due to spatial re-orientation of the ferutinin molecules from parallel to antiparallel alignment (Zamaraeva et al. 1997; Abramov et al. 2001; Dubis et al. 2015) . According to the conductometry data, the stoichiometry of the complex of ferutinin with calcium ion in acetone was 2:1. In contrast, the stoichiometry of ferutinin-Ca 2+ complexes in the membrane was 1:1. It was demonstrated using Jurkat T-cells and erythrocytes, but not platelets, that an increase in cytosolic Ca 2+ at lower doses of ferutinin was connected with activation of P-and L-types of membranous Ca 2+ channels (Macho et al. 2004; Zamaraeva et al. 2010; Gao et al. 2013) . The study of Ca 2+ -ionophoric effects of ferutinin on neurons and hepatocytes demonstrated that increase in cytosolic Ca 2+ was accompanied by accumulation of Ca 2+ in mitochondria and, as a result, this was followed by depolarization of mitochondrial membranes, which could be prevented by cyclosporine A (CsA), an inhibitor of mitochondrial permeability transition (MPT) pore formation (Abramov and Duchen 2003) . Moreover, ferutinin-induced apoptosis in Jurkat cells with preceded CsA sensitive loss of mitochondrial transmembrane potential and an increase in intracellular reactive oxygen species (ROS). Ferutinin-induced DNA fragmentation was mediated by the caspase-3-dependent pathway but was not prevented by CsA completely (Macho et al. 2004 ). Moreover, it was shown that other sesquiterpene, teferin, also induced apoptosis in Jurkat cell, increasing cytosolic Ca 2+ level (Macho et al. 2004 ). Ferutinin caused in vitro eryptosis/erythroptosis in human erythrocytes by means of membrane permeabilization and simultaneous enhancement of caspase-3 activity and Ca 2+ influx (Gao et al. 2013 ). However, calcium does not seem to be the sole mediator in the ferutinin-mediated eryptosis/ erythroptosis (Gao et al. 2013) .
The above-mentioned indicates interrelation of the antiproliferative and Ca 2+ -transporting activities of ferutinin, which results in apoptosis via mitochondrial pathway action and MPT pore formation. Mitochondria serve as the main target for anticancer drugs (Gorlach et al. 2015) , and MPT pore formation is the key mechanism of these drugs action (Costantini et al. 2000; Dalla Via et al. 2014) .
Alterations in mitochondrial function have long been associated with numerous metabolic disorders (Duchen 2004) . Mitochondrial Ca 2+ signaling plays an important role in cell life and death (Kowaltowski 2000; Szewczyk and Wojtczak 2002) . When accumulated by mitochondria at high levels and associated with conditions of oxidative stress, Ca 2+ ions can lead to extensive changes in mitochondrial functions, including a non-selective form of inner membrane permeabilization known as MPT, which causes cell death either by energetic collapse or by initiating mitochondrial swelling, cytochrome c release, and apoptotic cascade (Azzolin et al. 2010) . The fundamental transport mechanism for Ca 2+ accumulation in mitochondria was shown to be associated with a low-affinity electrogenic Ruthenium red (Ru red) and lanthanides-sensitive mitochondrial calcium uniporter, MCU (or transmembrane protein CCDC109A), which was likely to be a channel (Kirichok et al. 2004; Baughman et al. 2011; De Stefani et al. 2011 (Abramov et al. 2001; Abramov and Duchen 2003) . Experiments on the ferutinin effect on mitochondrial functional parameters were carried out previously on the whole cells, assuming direct as well as indirect (modulating of cellular signaling cascades due to receptor activation) modes of action. Therefore, it was of interest to study the mechanism(s) of the ferutinin effect on isolated mitochondria and estimate a possible role of mitochondrial functional changes in anticancer activity of ferutinin. It was suggested that ferutinin, due to high cytotoxic and apoptosis-inducing activities in different lines of cancer cells, could be considered as an effective anticancer agent for future experiments, both in vivo and in the clinical studies . The aim of the present work was to evaluate the effects of ferutinin on mitochondrial respiration, MPT pore formation, and membrane potential both in the absence and the presence of calcium ions using isolated rat liver mitochondria.
Materials and Methods

Chemicals
Сalcium chloride, succinate, glutamate, malate, safranin O, carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP), cyclosporin A (CsA), dimethyl sulfoxide (DMSO), and ADP were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Ruthenium red (Ru red) was purchased from Calbiochem/Sigma-Aldrich Chemie GmbH (Steinheim, Germany). All other reagents were purchased from POCh (Gliwice, Poland) and Reakhim (Moscow, Russia) and were of analytical grade. Ferutinin was kindly provided as a gift by Dr. Saidkhodzjaev (Institute of Chemistry of Plant Substances, Uzbekistan). Ferutinin was isolated from the roots of Ferula tenuisecta by the method of Saidkhodjaev and Nikonov (Saidkhodjaev and Nikonov 1973) . According to the GC-MS analysis, the purity of ferutinin was 96 ± 2% (Zamaraeva et al. 2010) . We used ferutinin as 1 mM stock solution in DMSO. CsA was dissolved in 50% ethanol. All the solutions were made with water purified in the Milli-Q system.
Rat Liver Mitochondria: Isolation and Respiration Measurements
All manipulations with animals were performed according to the European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes.
Mitochondria were isolated from the rat liver by the standard procedure of differential centrifugation (Johnson and Lardy 1967) . The isolation medium contained 0.25 M sucrose, 0.01 M Tris-HCl, 0.001 M KH 2 PO 4 , and 0.001 M EGTA, pH 7.2. The mitochondrial pellet was resuspended in the buffer to an approximate protein concentration of 35-40 mg/ml. The protein concentration was determined according to Lowry et al. (1951) .
The respiration (oxygen consumption rate) of mitochondria (1 mg of protein/ml) was measured using a laboratorymade oxygen Clark-type electrode and a hermetic polarographic cell (volume 1.25 ml) at constant gentle stirring (Dremza et al. 2006) . The incubation medium contained 0.125 M KCl, 0.05 M sucrose, 0.01 M Tris-HCl, 0.0025 M KH 2 PO 4 , 0.005 M MgSO 4 with 0.001 M EGTA (EGTAcontaining) or without EGTA (EGTA-free medium), pH 7.4. The experiments were performed at 25 °C using 5 mM glutamate and 1 mM malate as respiratory substrates. The mitochondria were preincubated with Ca 2+ or ferutinin for 2 min and the respiratory substrates were injected into the cell. The functional state of mitochondria was determined by the acceptor control ratio (ACR), equal to the ratio of the respiratory rates (V 3 /V 2 ) of mitochondria in States 3 and 2. The coefficient of phosphorylation (ADP/O) was calculated as the ratio of the amount of ADP added to the amount of oxygen consumed throughout phosphorylation. State 2 (V 2 ) corresponded to the mitochondria respiration in the presence of substrates (glutamate/malate). State 3 (V 3 ) respiration was recorded after addition of 180 µM ADP into the medium.
Mitochondrial Swelling
Ca 2+ -induced mitochondrial swelling was analyzed as changes in intensity of light scattering by mitochondrial suspension, which was determined by measuring absorbance of the suspension at 520 nm (D 520 /D 0 520 , where D 0 520 is the initial absorbance of the suspension at time 0) and 25 °С. The incubation medium for energized mitochondria contained 0.125 М KСl, 0.01 М Tris-HCl, 0.0025 М KН 2 РО 4 , 0.001 М EGTA, pH 7.4, as well as 5 mM l-glutamate and 1 mM l-malate as substrates, whereas that for de-energized mitochondria was 0.24 М sucrose, 0.01 М Tris-HCl, 0.001 М EGTA, and 1 µМ rotenone (Petronilli et al. 1993a, b) . Isolated mitochondria (0.5 mg of protein/ml) were added to the media containing respiratory substrates. Mitochondria were incubated with ferutinin and/or CsA (or Ru red) for 5 min prior to the introduction of Ca 2+ ions, and the rate of the decrease (∆D 520 /min) in light scattering intensity was used to determine the extent of mitochondrial pore opening. The rate of the termination phase of swelling was measured (Baranov et al. 2008) . At the end of the measurements, the uncoupler FCCP (0.5 µM) was added to mitochondria to control the finishing of the process of MPT.
Mitochondrial Membrane Potential Measurements
Mitochondrial membrane potential was detected with a Perkin-Elmer LS55 spectrofluorimeter (Great Britain) with the use of the fluorescent dye safranin O (8 µM) at λ ex /λ em 495/586 nm (Akerman and Wikström 1976; Moore and Bonner 1982) 
Statistical Analysis
The data for 5-6 experiments are presented as a mean ± SD for the normally distributed parameters. We used the standard Student's t test for the comparison of the data showing no departures from normality according to Shapiro-Wilk's test. P < 0.05 was taken to indicate statistical significance. The calculations were performed using the GraphPad software.
Results
Ferutinin Enhanced Ca
2+
-Induced Rat Liver Mitochondrial Permeability Transitions Figure 1 shows representative traces of de-energized mitochondrial (in the absence of substrates and the presence of 1 µM rotenone) swelling, induced by Са 2+ in the absence and in the presence of ferutinin (mitochondrial pore formation was registered in the presence of 1 mM EGTA). Ferutinin (16.6 µM, in the absence of Са 2+ -ions) did not induce any mitochondrial swelling (Fig. 1) . In accordance with
numerous observations, the exposure of mitochondria to exogenous Са 2+ -ions resulted in effective MPT pore formations. Ferutinin (8.3-16.6 µM) dose-dependently increased the rate of Са 2+ -induced swelling of de-energized mitochondria (Fig. 1) . Similar results were obtained for respiring mitochondria energized by 5 mM glutamate/1 mM malate (Fig. 2) . Ferutinin at a concentration of 16.6 µM increased the rate of pore formation by 140% for de-energized mitochondria and by 180% for mitochondria oxidizing substrates. As electrogenic Са 2+ -ionophore, ferutinin enhanced the effectiveness of ion transportation into mitochondria and the MPT pore formations.
We measured the effect of the known MPT pore blocker, CsA, on Ca 2+ -ferutinin-dependent pore formation. In our experiments, CsA (0.2 µM) completely inhibited Ca 2+ -induced mitochondria swelling (Fig. 3 ) and partially At higher concentrations (20-60 µM), ferutinin dosedependently produced mitochondrial swelling in EGTA-free medium, probably due to the presence of endogenous Са 2+ -ions (Fig. 4a) . Ru red (1 µM), preventing mitochondrial Ca 2+ influx due to MCU inhibition, completely excluded Ca 2+ -induced MPT pore formation in both the EGTA-free (Fig. 4a, curve 2) and EGTA-containing (Fig. 4b, curve  3) media. In the presence of Ru red, ferutinin (5-60 µM) restored the ability of Ca 2+ to induce mitochondria swelling and considerably enhanced the rate of Ca 2+ -mediated MPT (Fig. 4) (Similar results were obtained for mitochondria energized by both 5 mM glutamate/1 mM malate and 5 mM succinate, data not shown.).
Ferutinin Influenced Rat Liver Mitochondria Respiration
Using isolated rat liver mitochondria, we measured the effect of Ca 2+ and ferutinin on mitochondrial respiration parameters. In the absence and in the presence of ferutinin, Ca 2+ dose-dependently decreased State 3 respiration rate and ACR, leaving State 2 respiration and phosphorylation coefficient ADP/O unchanged (Figs. 5, 6 ). Ferutinin at a concentration of 27 µM slightly enhanced the effects of calcium on mitochondrial respiration.
In our experiments, ferutinin alone (at concentrations of 5-27 µM) increased the substrate (glutamate/ Fig. 2 /min) in the presence of Ca 2+ was assumed to be 100%. Mitochondria (0.5 mg of protein/ml) were introduced into EGTA-containing medium: 0.125 M KCl, 0.01 M TrisHCl, 0.0025 M KH 2 PO 4 , 0.005 M MgSO 4 , 0.001 M EGTA, pH 7.4, 5 mM glutamate, and 1 mM malate, at 25 °С malate)-dependent State 2 respiration and decreased State 3 respiration of isolated rat liver mitochondria, which resulted in diminishing the acceptor control ratio State 3/State 2 and the phosphorylation coefficient ADP/O. In the presence of 20 µM Ca 2+ -ions in the medium, the effects of ferutinin on mitochondrial respiration increased (Fig. 6) .
We can conclude that ferutinin influenced mitochondrial respiration as Ca 2+ -ionophore, resulting in inhibition of ADP-stimulated oxygen consumption and uncoupling of the respiration. At the same time, ferutinin had an effect on the mitochondrial respiration, not only as Ca 2+ -ionophore. One can assume a protonophoric effect of ferutinin.
Ferutinin Promoted Ca
2+ -Induced Mitochondrial Depolarization
Figures 7 and 8a, b show changes in the mitochondrial membrane potential induced by Ca 2+ and ferutinin and measured by fluorescence of the potential-sensitive probe safranine O. In the EGTA-free medium, Ca 2+ at concentrations of 10-60 µM dose-dependently reduced membrane potential (Fig. 7a, traces 1, 3, Fig. 8, trace 2) . Ca 2+ -induced potential dissipation was partially inhibited by 0.001 M EGTA (Figs. 7b, 8b ) and 1 µM Ru red (Fig. 8a) . In the EGTA-free and EGTA-containing media, ferutinin alone dose-dependently (10-60 µM) changed the intensity of probe fluorescence in mitochondria energized by malate/glutamate, causing potential dissipation (Fig. 7a, trace 2, Fig. 8a , trace 4, and Fig. 8b, traces 3 and 4) and Ru red, MCU inhibitor, did not influence this effect of ferutinin (Fig. 8b, traces 3 and (Fig. 8b, trace 4) . When mitochondria were exposed to 10 µM ferutinin in the presence of exogenous 10 µM Ca 2+ , the terpenoid considerably enhanced the effect of Ca 2+ on the membrane potential and completely depolarized the inner mitochondrial membrane (Fig. 7a, trace 3) . Since ferutinin influenced the mitochondrial membrane potential in the presence of EGTA, we suggested the possibility of other ions transportation (not only Ca 2+ ) by ferutinin. Ru red (10 µM) completely inhibited the Ca 2+ -induced decrease of the mitochondrial membrane potential (Fig. 7a, curve 3) . In the presence of varying concentrations of ferutinin (10-20 µM), the Ca 2+ injection in mitochondrial suspension resulted in effective mitochondrial potential dissipation despite the MCU inhibition by Ru red (Fig. 8a , traces 5 and 6), and this effect enhanced as the ferutinin concentration increased.
Discussion
Mitochondria, in addition to compartmentalization of the major metabolic pathways (e.g., ATP synthesis by OXPHOS), regulating cellular redox state and thermogenesis and producing most of cellular ROS, are highly involved in cellular calcium homeostasis through MCU. In the present work, we evaluated the effect of ferutinin on membrane Ca 2+ permeability using isolated rat liver mitochondria. Earlier Abramov and Duchen (2003) suggested that ferutinin acted on the mitochondrial membrane as an electrogenic selective Ca 2+ uniporter and may provide a valuable tool to promote both mitochondrial Ca 2+ overload and Ca
2+
-dependent opening of MPT pores in many cell types.
In our experiments, Ca 2+ induced considerable inhibition of mitochondrial respiration and uncoupling of oxygen consumption and phosphorylation processes as well as resulted in MPT pore formations and potential dissipation in EGTA-free medium. These effects are mediated by MCU because the direct uniporter inhibition by Ru red completely prevented Ca 2+ -induced mitochondria swelling and membrane potential loss (Figs. 4, 8) . Interestingly, earlier works of the Bernardi group (Petronilli et al. 1993a) showed that Ru red induced osmotic swelling of mitochondria, de-energized by antimycin and FCCP. The authors suggested that Ru red decreased the reversal Ca 2+ efflux (Petronilli et al. 1993a) . It was demonstrated that Ca 2+ at concentrations of 100-1000 nmol/mg of protein dose-and time-dependently inhibited mitochondrial respiration, did not influence the activities of NADH-and pyruvate dehydrogenases and decreased the production of ROS/RNS in mitochondria (Pandya et al. 2013) . We observed that ferutinin alone influenced mitochondrial respiration and declined mitochondrial membrane potential in both the EGTA-free and EGT-containing media and induced MPT at higher concentrations in the EGTA-free medium. It was shown previously that ferutinin-induced energy-independent swelling of mitochondria in isosmotic nitrate solution with the following selectivity to ions Ca 2+ > Mg 2+ > Na + > K + > Ba 2+ > Sr 2+ (Abramov et al. 2001) . Tl + -induced MPT pore opening as well as subsequent increase in swelling of Ca 2+ -loaded rat liver mitochondria, drop of mitochondrial membrane potential, and decrease in mitochondrial respiration were observed earlier (Korotkov and Saris 2011; Korotkov et al. 2016) . These effects of Tl + increased in nitrate media containing monovalent cations (Korotkov and Saris 2011) .
For evaluation of the role of MCU in the effects of ferutinin on the mitochondrial calcium uptake and differentiation of it from the possible direct ferutinin action on the inner mitochondrial membrane, we used Ru red, a specific MCU inhibitor. In our experiments, Ru red did not influence the effect of ferutinin on Ca 2+ -induced MPT and the mitochondrial membrane depolarization (Figs. 4, 8) . One can suggest that ferutinin acts as Ca 2+ -ionophore that directly increases the inner mitochondrial membrane permeability to Ca 2+ -ions, which was earlier shown for planar lipid bilayer membranes and liposomes (Zamaraeva et al. 1997; Abramov et al. 2001; Dubis et al. 2015) .
It is known that entrance of positive Ca 2+ -ions to mitochondria results in a decrease in the mitochondrial membrane potential, which prevents a flow of the succeeding ion portions. The stimulation of Ca 2+ -induced MPT pore formations by ferutinin was higher in the case of respiring mitochondria, possibly due to membrane potential restoring by the electron transport chain. Ferutinin considerably enhanced the Ca 2+ effect on membrane permeabilization (MPT pore formations) and potential dissipation and did not significantly influence the Ca 2+ effect on mitochondrial respiration.
The ferutinin-induced mitochondrial cell depolarization was not shown to be affected by inhibition of Ca 2+ /2Na + -exchanger, but was completely blocked by CsA, suggesting that the MPT pore opening appeared to be the major mechanism of ferutinin-induced mitochondrial depolarization rather than any direct action of the ionophore on the mitochondrial membrane (Abramov and Duchen 2003) . On the other hand it is well known that Ca 2+ ion accumulation in mitochondria in a dose-dependent manner led to mitochondrial membrane depolarization, and it was suggested that this depolarization preceded MPT (Golovach et al. 2017 ). However, ferutinin-induced mitochondrial depolarization as well as respiration uncoupling could be also provoked by driving monovalent cations in the absence (Abramov et al. 2001) . It was demonstrated earlier that in the absence of external Ca 2+ and in the presence of Ca 2+ -chelator (BAPTA-2AM), ferutinin also induced depolarization of mitochondria, although to a lesser extent (Abramov and Duchen 2003) . This indicated some additional effects of ferutinin on mitochondria which were not connected with its Ca 2+ -mobilizing effects. This is possibly associated with ferutinin influence on the estrogenic receptor of mitochondria; its occurrence has been demonstrated recently (Yang et al. 2004) or on activation of signaling pathways. Ferutinin was previously demonstrated to increase brain nitric oxide synthase activity (Colman-Saizarbitoria et al. 2006 ) and adenylate cyclase activity in the heart membranes of rats (our unpublished data).
In our experiments, CsA did not completely inhibit Ca 2+ -ferutinin-induced MPT pore formation. We suggested that other, CsA-nonsensitive, mechanisms could be involved in ferutinin-induced Ca 2+ -dependent mitochondrial swelling. At the same time, it has been concluded recently that Ca 2+ -sensitive channel activity displayed multiple conductances ranging from 10 to 1000 pS, as recorded by patchclamping mitochondrial inner membrane or mitoplast preparations (Jonas et al. 2015) . One type, with conductance of up to 1.3 nS, was CsA inhibitable, but the other type, with smaller conductance (107 pS), was resistant to CsA (Jonas et al. 2015) .
Earlier data demonstrated that in many cells, mitochondrial Ca 2+ loading by ferutinin provoked CsA-sensitive MPT pore opening (Abramov and Duchen 2003) . Our present findings using isolated rat liver mitochondria indicate that ferutinin, facilitating Ca 2+ penetration through the inner mitochondrial membrane, enhanced Ca 2+ effects on mitochondrial membrane potential and MPT pore formation rather than on mitochondrial respiration. In this way, ferutinin can promote Ca 2+ -dependent apoptotic cell death. However, other mechanisms, such as driving of monovalent cations or receptor-dependent activation of signaling pathways, may be involved in the mitochondrial effects of ferutinin.
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